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Fighters and Intertheater Airlift
Estimating Error Risk

Background

A shrinking workforce, unstable budgets, and rapidly changing objectives,
under stricter time constraints, characterize today’s cost analysis and
acquisition environment. The result is that today’s cost community is being
asked to do more with less.1 This is driving the need for cost analysts to
increase productivity or identify and concentrate on those areas that
encompass the majority of estimation error risk in order to meet the demand.

Reductions in manpower have impacted operation-level organizations
such as the Aeronautical Systems Center (ASC) cost analyst resources at
Wright-Patterson AFB, Ohio. Since 1992, ASC’s total authorized cost
analyst slots have declined by 54 percent, from 136 authorizations to only
63 in 2001. This includes a 69-percent loss of military slots and a 44-percent
drop in civilian authorizations.2

The current aircraft acquisitions environment presents several
challenges to the cost analysis community. First, cost analysts must operate
within the reality of a smaller workforce, while accomplishing their mission
of providing the best possible cost analysis and estimating for their
program. Second, cycle-time reduction goals require cost analysts to
complete estimates in a compressed timeframe. Finally, in this
unpredictable environment, cost analysts do not have the luxury of
knowing estimation requirements in advance. Thus, the ability to
accomplish data collection in support of developing low-level, grassroots
estimates will be reduced greatly.

Despite these changes in time, manpower, and predictability, it is
extremely important that weapon systems perform at optimal operating
capabilities. Achieving this objective necessitates the highest quality of

work from cost and acquisition personnel.
“With budgets shrinking and requirements
steadily growing, the Department of Defense
(DoD) has focused logically on initiatives
to increase efficiency.”3 Determining
methods to meet these challenges is
imperative for cost analysts in today’s
environment. To keep the quality of work
high—with less personnel, increasing
programs, and dynamic technology—
analysts will be required to increase not only
productivity but also efficiency. To achieve
increased productivity and efficiency under
these conditions,  cost  analysts must
recognize the greatest estimation error risk
in a new weapon system. Efforts must be
concentrated in these high-risk areas when
developing an aircraft cost estimate.

The purpose  of  th is  ar t ic le  i s  to
investigate and measure the risks associated
with taking a macro versus a micro approach
to aircraft cost estimation. By analyzing the
fidelity of a cost estimate developed at the
flyaway cost level versus at the individual
component level, this research provides
guidelines for appropriate allocation of cost
analyst resources in today’s constrained
environment. Flyaway costs for aircraft are
defined as follows:

It relates to production cost and includes the
prime mission equipment (basic structure,
propuls ion ,  e lec t ronics) ,  sys tems
engineering, program management, and
allowances for engineering changes and
warranties. Flyaway costs include (all)
recurring … production costs (contractor
and government-furnished equipment) that
are incurred in the manufacture of a usable
end-item.4

In particular, two categories of aircraft
will be considered: fighters and intertheater
airlift. Intertheater airlift is those aircraft
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used for supply and transportation. The following questions
regarding each of these categories will be addressed:

• Which aircraft components have the most cost-estimation error
risk, and what is that risk?

• What is the cost-estimation error risk associated with
estimating at the flyaway cost level?

• Is there a statistically significant difference in estimating at
the component level versus flyaway level?

• Given a constrained resource environment, where should cost
analysts focus their attention when developing an aircraft cost
estimate?

Previous Literature

This literature review focuses on the fundamental components
and techniques used to develop an aircraft cost estimate. First, a
discussion of the basic building block for any cost estimate, the
work breakdown structure (WBS), is examined. Next, the role of
cost-estimating relationships (CER) in aircraft estimation is
explored to understand why and how they are used. Then an
explanation of aircraft cost-estimation techniques, specifically
the parametric and grassroots methods, are covered. Finally, an
overview of research accomplished on comparisons of macro and
micro aircraft estimation techniques is investigated.

Work Breakdown Structure
The work breakdown structure is a basic building block of all
major defense acquisition programs. As such, DoD Regulation
5000.2-R mandates, “A program work breakdown structure shall
be established that provides a framework for program and
technical planning, cost estimating, resource allocation,
performance measurement, and status reporting.”5 In addition to
developing a work breakdown structure, every program office is
required to tailor its work breakdown structure using the
guidelines set forth in Military Handbook Standard 881  (MIL-
HDBK-881).

This research focused its comparisons between level one and
level two of the work breakdown structure to facilitate the macro
versus micro properties. Level two is selected as the micro level
because of data availability and the fact, “Level two of any work
breakdown structure is the most critical, because at level two,
the project manager will indicate the approach planned to manage
the project.”6

Level one of the work breakdown structure is the entire
defense materiel item, represented in this research by a complete
aircraft system. Level two of the work breakdown structure is the
major elements that comprise the aircraft system. Level two
includes equipment-specific elements and common elements
found in all major weapon systems. These common elements
include systems engineering and program management, training,
data, system test and evaluation, and so on. The guidelines for
the WBS structure of an aircraft system come from MIL-HDBK-
881.7

WBS Terminology Clarification
While the suggested WBS structure is being followed for data
collection and analysis purposes, there are some terminology
differences between MIL-HDBK-881 and the subsequent
language used to describe the data collected. Specifically, at
WBS level one, the term flyaway cost is substituted for aircraft
system. This change was made because program office costs and

costs not directly related to the contractor are not being
considered. At WBS level two, the term basic airframe was
substituted for air vehicle. Also, the common elements of system
engineering and program management,  system test and
evaluation, data, and training are reclassified into a single
category called other air vehicle. The form of the available data
for collection drives these changes.

Cost-Estimating Relationships
The CER is one of the fundamental techniques used to estimate
aircraft cost. A CER is defined formally as a “technique used to
estimate a particular cost or price by using an established
relationship with an independent variable.”7 The dependent
variable is the item of interest that the CER will estimate (for
example, airframe cost). The independent variables are composed
of a multitude of explanatory variables. The CER is a
mathematical relationship that predicts the dependent variable
as a function of the independent variables. This relationship
typically is using a historical data set of variables and applying
a statistical technique, usually regression, to find the parameter
estimates of the independent variables.8

The selection of independent variables is extremely
important. To ensure an accurate and meaningful CER is
developed, the independent variables must be identified as cost
drivers for the dependent variable. “Cost drivers are those
characteristics of a product or item that have a major effect on
the product or item cost.”9 Typically, performance parameters
are the most useful and accurate independent variables; however
physical and technical variables are common in CERs.
Identification of cost drivers to include in the CER depends on
the type of CER being developed. Depending on the life-cycle
phase of the program, CERs can be categorized into three types:
research and development, production, or operating and
support.10 This research focused on aircraft production CERs.
Previous research identified conventional cost drivers for aircraft
CERs, to include empty weight, speed, useful load, wing area,
power, landing speed, and production quantity.11

CERs are prevalent in many different cost-estimation
techniques. They are the cornerstones of the parametric estimation
technique developed by the RAND Corporation in the 1950s to
predict the cost of aircraft.12 As such, it is now the primary
component underlying most commonly used parametric software
estimating suites.13 The versatility of CERs can be shown by their
cross utilization among other estimation techniques. The
grassroots technique uses CERs to develop detailed labor and
material estimates, which are then summed as components of the
total estimate.14 Because CERs are versatile and widespread, they
can be found in virtually every cost analyst’s toolbox.

There are several characteristics that make CERs desirable
across these cost-estimation techniques. First, they are able to
“provide quick estimates without a great deal of detailed
information.”15 This is important since a CER can be used early
in a program’s life, before any actual data are available, to forecast
and plan for future budgets. Second, because CERs are based on
historical data, they incorporate the impacts of system growth,
schedule changes, and engineering changes.16 These changes are
a fact of virtually every DoD program. Because these items are
part of the historical data, the CER is able to give a more realistic
picture of the future. Most important, CERs have proven to be
good predictors, which is the goal of any cost-estimation
technique.
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Aircraft Estimation Techniques
A variety of techniques for developing aircraft cost estimates is
available to the cost analyst. The two ends of the estimation
technique spectrum are parametric estimation and grassroots
estimation. The parametric estimation technique can be
considered a macro approach to cost estimation, while the
grassroots approach is consistent with a micro approach to cost
estimation.

Parametric Estimation. In today’s acquisition environment
of doing more with less, parametric estimating has become a
common tool for the cost analyst. Parametric estimation can be
defined as:

A technique employing one or more CERs and associated
mathematical relationships and logic. The technique is used to
measure and/or estimate the cost associated with the development,
manufacture, or modification of a specified end item. The
measurement is based on the technical, physical, or other end item
characteristics.17

The CERs developed to populate the parametric cost model
are typically derived through nonexperimental regression
techniques.18

The parametric cost model represents the macro approach to
estimation for several reasons. First, the focus is on high-level
cost drivers and high-level data from which trends can be
extracted.20 Second, the parametric method often is used early in
the acquisition cycle when program and technical definition is
limited. At this point in the life cycle, the details needed to
develop a comprehensive estimate are scarce, so the parametric
estimate is a more useful estimation tool. Finally, capturing total
program costs can be accomplished with a single parametric
model.21 This one-size-fits-all approach can be characterized as
a macro technique.

Grassroots Estimation. The grassroots technique for cost
estimation is synonymous with the phrases detailed, bottom-up,
and engineering buildup.22 As implied, the underlying crux of a
grassroots estimate is to start at the lowest level of the work
breakdown structure, estimate the components, and sum their
parts. For this reason, the grassroots estimation technique is
categorized as a micro approach to cost estimation.

Applicable Past Research
This research is the first of its kind to explore a statistical
comparison of micro versus macro cost-estimating techniques.
A critical component for this comparative analysis is the
development of CERs for level one and level two WBS elements.
The RAND Corporation is a leading organization in analyzing
and hypothesizing aircraft CERs.23 RAND studies on estimating
aircraft airframe costs date back to the 1960s. Several components
of these studies are relevant to this research effort. For example,
while analyzing airframe components for a study, CERs were
developed at the lowest level and compared to the aggregate
level. In addition, RAND has examined the benefits and
detriments to segregating CERs by aircraft categories. RAND also
h a s  c o m p l e t e d  e x t e n s i v e  r e s e a r c h  i n  i d e n t i f y i n g
those explanatory variables that are of most significance when
developing regression models for aircraft airframes. This research
examined elements of these studies, to include the segregation
of aircraft by categories, identifying explanatory variables to
derive CERs, and analyzing the validity of micro versus macro
cost-estimation techniques.

Methodology Overview

The analysis began by segregating the aircraft cost data into the
aircraft category subsets of fighter and intertheater airlift and by
their macro and micro components of flyaway cost, basic
airframe, and other air vehicle. Next, multiple regression
equations were developed for each of these categories, six total.
A Monte Carlo simulation then was applied to these regression
equations. Specifically, the bootstrap technique is used to
estimate the standard error of the equations. The resulting
distribution from the differences of the standard error of the micro
(basic airframe and other air vehicle) versus macro (flyaway cost)
equations was analyzed to answer the original research questions.

Data
Total cost and component cost data for aircraft are required for
this micro versus macro analysis. Two primary sources were used
to gather data. The main source of data was the Cost Estimating
System, Volume 2, Aircraft Cost Handbook, Book 1: Aircraft,
November 1987, which was prepared for the Air Force Cost
Analysis Agent by Delta Research Corporation. This data source
provided information on the F-15, F-16, F-18, B-1, C-5, C-130,
and C-141. The Delta Research Corporation generated the data
for its study through interaction with the system program offices,
contractor cost data reports, and their associated contractors. In
addition to the data gathered through the Delta Research
Corporation study, data were collected directly from the system
program offices for aircraft under consideration that were not
included in the study. This applies to data from the C-17.

The primary benefit of using data from the Delta Research
Corporation is that they are normalized to constant year 1987
dollars. The C-17 data were adjusted manually through the use
of Office of the Secretary of Defense inflation indices to
normalize to constant year 1987 dollars. This normalization
provides a homogeneous database for the purpose of analysis.

Although both recurring and nonrecurring cost data were
available, only recurring data were used for this analysis.
Recurring costs are incurred on an ongoing basis, such as final
assembly, while nonrecurring costs are made up of one-time
expenses such as initial tooling and production planning.
Because these two categories are influenced by different sets of
predictors, they typically are estimated separately by cost
analysts. Not separating them for this analysis would add
unnecessary variance to the results, hampering a comparison of
the macro and micro techniques.23

To facilitate the analysis, the data were segregated into two
distinct categories,  based on aircraft  type, to achieve
homogeneity in the data sample. The two categories are fighters
and intertheater airlift. The fighter category is composed of the
F-15, F-16, F-18, and B-1. The intertheater airlift category consists
of the C-17, C-5, C-130, and C-141. In addition to segregation
by category, the data also will be subdivided by WBS level. This
WBS breakdown will consist of flyaway cost, which is analogous
to level one of the work breakdown structure. The two analogous
components for WBS level two are the basic airframe costs and
other air vehicle costs.

Data Limitations
There are two limitations with these data. The major limitation
is that the majority of the data are from pre-1987. This is because
of the limited availability of the Delta Research Corporation
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database. Since there are not much data available from newer
systems such as the F-22 or joint strike fighter, this is not a
debilitating limitation. However, research would benefit from
obtaining additional data points from more recent history. The
other limitation results from the WBS-level breakdown. Once
again, because of the available data, a comparison between level
one and level two of the work breakdown structure is analyzed.
Practitioners may object that cost estimation normally does not
occur at level one. Thus, future research may want to look at a
different database that can be broken down for a level two versus
level three comparison.

Variables
The development of high-fidelity CERs is crucial to making an
accurate micro versus macro cost comparison. The variables,
especially the independent variables selected, play a critical role
in this CER development process. The dependent variable was
cost since the goal of this research was to determine whether there
is a difference in the resulting cost estimates based on the
approach taken. Research has demonstrated that performance
parameters are the most useful and accurate independent
variables used for aircraft CERs.24 Additionally, the RAND
Corporation has published several studies that indicate weight
and speed are the most important variables for aircraft CERs.25

Therefore, performance parameters, physical characteristics, and
technical variables all will be considered as independent
variables in developing the aircraft CERs to ensure a robust
model. The independent variables investigated for inclusion in
the model are found in Table 1.

Regression
A multiple regression methodology will be used to develop the
aircraft CERs. In total, six regression equations will be developed
in the form of:

Table 1. Independent Variables Considered for CER Development

methods.26 “In a Monte Carlo method, the quantity to be
calculated is interpreted in a stochastic model and, subsequently,
estimated by random sampling.”27 Therefore, for an experiment
to be considered a Monte Carlo experiment, it must involve the
use of random numbers to examine a problem. This technique
can be applied to a variety of problems.

The Monte Carlo simulation will generate multiple outcomes
for the regression equations for basic airframe, other air vehicle,
and flyaway costs. Commercially available software, Crystal
Ball, is implemented to accomplish this simulation. The error
terms from the regression equations are modeled as random
variables with a probability distribution. These errors will follow
a normal (0, �3) distribution because of the underlying
assumption of normality of the residuals from the regression.

To perform simulation in a spreadsheet, we must first place a random
number generator formula in each cell that represents a random, or
uncertain, independent variable. Each random number generator
provides a sample observation from an appropriate distribution that
represents the range and frequency of possible values for the
variable.28

Bootstrap
The bootstrap technique and resampling are intrinsically tied.
The underlying construct behind bootstrap resampling is that
the original sample is considered the best estimate of the
population. The resampling occurs as one samples the sample.29

Thus, the essence of the bootstrap technique is:

That in many complex situations, where bootstrap statistics are
awkward to compute, they may be approximated by Monte Carlo
“resampling.” That is, same-size resamples may be drawn repeatedly
from the original sample, the value of a statistic computed for each
individual resample, and the bootstrap statistic approximated by
taking an average of an appropriate function of these numbers.30

Figure 1 illustrates how a simple bootstrap sample is
constructed. It is important to note that sampling occurs with
replacement.

The bootstrap technique is used widely with regression
equations. Previous research on estimating the standard error of
multiple regression equations found “model-based resampling
will give adequate results for standard error calculations.”31 The
specific regression resampling approach required for this research
is the Fixed X, residual resampling.32 This approach, as proposed
by Stine, is a two-step process. First, a regression model must be
fit and the residuals computed. Second, the bootstrap data are
generated by
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�
�	 

�* = (Fit) + (BS sample of OLS residuals)

where Y is the dependent variable (cost), � is the regression
coefficient, X is the independent variables, and 	 is the error term.
The six regression equations consist of a flyaway cost, basic
airframe, and other air vehicle equation for each of the two
categories: fighters and intertheater airlift.

Monte Carlo Simulation
After the development of the regression equations is complete,
the use of a Monte Carlo method is applied. The term Monte Carlo
is very generic, as it can be applied to a multitude of differing
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Original process
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, �����2
, ..., �����n

) →�����
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, �����7
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) → �����1
*

BS Sample 2: (�����8
, �����1

, ..., �����1
) → *�����2

....
BS Sample B: (�����4

, �����9
, ..., �����11

) → �����*
B

Figure 1. Constructing Bootstrap Samples36

Data for Intertheater Airlift Category
The data for the intertheater airlift category come from two
sources, the Delta Research Corporation report and system
program offices. The four aircraft under consideration are the
C-130, C-141, C-5, and C-17. These aircraft were chosen for
several reasons. First, they are all operational aircraft currently
used by their service. Second, there are multiple data points
available from which to conduct the analysis. Third, the
characteristics of these aircraft provide a natural grouping that
allows for a homogeneous database.

Development of the regression model for the basic airframe,
other air vehicle, and flyaway cost all had one common result.
The parameter estimates for the C-141 data were found to be
insignificant in all models. As the C-141 had the least amount of
data points, this is not a major limitation, and the
C-141 data were discarded.

Preliminary Modeling Problem
Initial development of the regression models included
consideration of all the independent variables listed in Table 1.
As shown in Table 2 with a portion of the F-16 data, there is
duplicity in many of the independent variables. For example,
although the average lot cost decreases as subsequent lot buys
occur, the wing area remains constant at 300 square feet. While
the learning curve effect is captured with variables such as
cumulative quantity and lot size, a bias is introduced into the
regression by the duplicate independent variables.

There are two potential solutions to this problem. First,
changes in the performance parameters and physical
characteristics occur as the aircraft changes (that is, from an F-15
to an F-16) and as the aircraft model changes. For instance, when
the F-15 was updated to the C model, the maximum internal fuel
characteristic changed. Thus, one way to model the regression is
to make a qualitative independent variable that represents an
aircraft that has the same performance parameters and physical
characteristics. The learning curve portion of the regression
model still would be captured through independent quantity
variables. A major benefit to this approach is that all 47 data
points would remain in the model. The major detriment to this
approach is that the independent variables may not be
meaningful to the practitioner. However, it is important to note
that the objective is not to have a practitioner use the regression
equations but rather to achieve the best estimate of the standard
error of the regression equation for comparative purposes.

The second option would be to use only one data point from
each aircraft at a specific quantity, such as 100. This option would
alleviate the bias found in the independent variables. However,
this approach would result in a regression model with only four
data points. Therefore, the number of independent variables
would be limited to two because of the degrees of freedom in the
regression model. The primary benefit of this approach is that
the regression equation would be useful to a practitioner.
However, there are some significant problems with this approach.
Preliminary models using this technique found that the B-1 was
a highly influential data point. Leaving this data point in the
model may invalidate the results of the regression, including the
p-values associated with the independent variables, the
assumptions, and the regression coefficients.38

To achieve the objectives of a comparison of the micro and
macro approaches to cost estimation, the validity of the errors

where Y* is the dependent variable and Fit is the Fixed X portion
of the regression equation. It is important to note that, under this
method, the “residual resampling keeps the same Xs in every
bootstrap sample.”33

Application of the Bootstrap, Monte Carlo, and Crystal
Ball. The idea of a bootstrap is to estimate a characteristic (X*) of
a population distribution, such as the standard deviation or mean,
“by resampling from a distribution determined by the original
sample X.”34 Monte Carlo techniques and Crystal Ball can be
used in combination to apply this bootstrap technique.

The statistic of interest for the macro versus micro comparison
in this research is the standard error of the regression equation.
Using the bootstrap function in Crystal Ball, the regression
equation as the forecast cell, and the residual normal (0, �2)
distribution as the assumption cell, the standard error can be
calculated for each equation. “As a rule of thumb, about 200
samples are needed for finding a standard error.”35

Drawing Conclusions. The distribution resulting from the
pairing of the data points from the bootstrap results will be
examined. An analysis of this distribution, to include the mean
and a 95-percent confidence interval around the mean, will be
used to determine if the mean is significantly different from zero.
If it is not different from zero, it can be concluded that the error
of the two equations is statistically equivalent. If the means are
statistically different, it can be concluded that there are different
risks from taking a macro versus  micro approach to cost
estimation. Analysis of these risks at the various WBS levels
enables decisions to be made about appropriate allocation of
resources. Specifically, it will be possible to determine whether
more resources should be allocated to the basic airframe or to
the other air vehicle category.

Analysis for Multiple Regression Models

Data for Fighter Category
The data for the fighter category come from the Delta Research
Corporation’s report. The four aircraft under consideration are
the F-15, F-16, F-18, and B-1. These aircraft were chosen for three
reasons. First, they are all operational aircraft currently used by
their respective service. Second, multiple production data points
are available for analysis. Multiple data points enhance the
probability of generating a robust model, which is imperative
for conducting the regression analysis. It is important to note that
this condition eliminated next-generation aircraft such as the
F-22 or joint strike fighter, which do not have production data.
Third, the characteristics of these aircraft provide a natural
grouping that allows for a homogeneous database. The final
database consisting of the four aircraft has 47 data points.
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Table 2. Portion of F-16 Independent Variables Data

Table 3. Residual Distribution Parameters
from Regression Equations

resulting from the regression models must be of the highest
quality. Therefore, the first solution of using qualitative variables
is the preferred solution to this problem. This method provides a
mathematical model that best estimates the errors.

Results

The residual term is the item of interest to perform the macro
versus micro comparison. Table 3 shows the resultant residuals
from each of the regression equations. The Kolmogorov-Smirnov
Test returned a p-value of  >0.15 for the residuals of each equation,
validating their normal distributions. These distributions are
critical as inputs to the bootstrap technique that will be used to
perform the macro versus micro comparison.

Generation of the regression equations leads to the next step
in the analysis: fixed X, residual resampling. Beginning with the
fighter category, a comparison of the flyaway and basic airframe
component is considered. Starting with the flyaway regression
equation, Crystal Ball performs the bootstrap technique. Next,
the bootstrap technique is replicated for the basic airframe
category. The standard error of the resulting 200 bootstrap
samples from the flyaway and basic airframe categories are then
differenced. The differenced data distribution allows for a
comparison of the macro versus micro techniques. The mean of
the distribution is –0.0208 with a 95-percent confidence interval
of –0.0195 to –0.0222

The bootstrap technique is applied in an identical manner for
the other air vehicle data as it was for the flyaway and basic
airframe components. The resulting 200 standard deviation
samples from the flyaway data and other air vehicle were
differenced. The mean of the distribution is –0.0445. The 95-
percent confidence interval is –0.0429 to –0.046.

The same procedure is applied to the intertheater airlift
category. First, the basic airframe versus flyaway is considered.
The mean of the distribution is –0.027. The 95-percent
confidence interval is –0.026 to –0.028. Next comes the other
air vehicle versus flyaway. The mean of the distribution is
-0.0732. The 95-percent confidence interval is -0.0722 to
-0.0742. The four resulting distributions are the basis for the
conclusions.

Importance of Findings

This research is important for several reasons. First, the cost-
analysis career field is shrinking. As demonstrated by the ASC
example, there has been a dramatic reduction in cost
authorizations over the last decade. Cost analysts, therefore, are
becoming a scarce resource. When confronted with the challenge
of developing a cost estimate, program managers need to know
how to optimize this resource. By understanding the advantages
and disadvantages from an estimation error risk perspective of
estimating at differing WBS levels, optimal allocation of cost
analysis resources can be achieved. Second, to achieve cycle-
time reduction goals, the time to develop a cost estimate is
compressed. As a result, cost estimates need to be developed more
quickly, while still maintaining a satisfactory level of fidelity.
This lends to the conclusion that using the time-consuming
grassroots techniques will not be possible. Rather, estimation will
occur at the highest WBS level possible, while still achieving a
satisfactory level of confidence in the estimate. This research
provided the analysis necessary to understand the tradeoffs
implicit in estimating at the differing WBS levels. When making
resource allocation decisions under a constrained environment,
program managers then can apply this information.

Limitations

There are several limitations to this research. First, only recurring
data are considered in the analysis. The estimation error risk of
nonrecurring data is not considered. Second, the weapon systems
analyzed are limited to aircraft systems, specifically fighters and
intertheater airlift aircraft. To extrapolate the results of the
analysis to data outside aircraft weapon systems is inappropriate.
Likewise, to extrapolate the results to other categories of aircraft,
such as bombers, is inappropriate. Third, the WBS level
comparison is limited to level one versus level two. Conclusions
about lower WBS levels are not considered. Finally, the WBS
level two breakdown is not a pure MIL-HDBK-881 breakout.
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Conclusions can be drawn only about a level one versus level
two comparison with regard to the breakout of WBS level two
into the basic airframe and other air vehicle components.

Discussion of Results

Starting with the fighter category, there is a statistically
significant difference between estimating at the flyaway cost
level versus the basic airframe and other air vehicle level. This is
confirmed by the 95-percent confidence intervals around the
mean of the differenced distribution, which do not contain zero
for either model comparison. For the flyaway cost versus basic
airframe model, the mean of the distribution is -0.0208 with a
95-percent confidence interval of (-0.0195, -0.0222). For the
flyaway cost versus other air vehicle model, the mean is -0.0445
with a 95-percent confidence interval of (-0.0429, -0.046). Several
additional conclusions can be drawn from this. First, there is
clearly more error risk in the estimation of the other air vehicle
model than the basic airframe model. This indicates that program
managers should allocate more time and resources to the
development of the other air vehicle estimate than to the basic
airframe estimate if the estimate is being developed at WBS level
two. The second conclusion was one not anticipated when the
research began. The differenced distributions are calculated by
subtracting the WBS level two data from the WBS level one data.
As shown above, the mean and resultant 95-percent confidence
intervals of both these distributions are negative. This leads to
the conclusion that estimating at WBS level one has less error
risk than estimating at WBS level two. There are several possible
reasons for this. It could be that when estimating at the lower
levels, the details of the estimate cloud the bigger picture, leading
to inaccurate or inappropriate model inputs from experts. In other
words, it may be harder to break down an estimate to the
individual components without adding additional error. Another
possible explanation is that the positive and negative error risks
in the individual components cancel each other out as they
accumulate at higher levels. Although this research cannot
conclude with any certainty why the WBS level one error risk is
less than the WBS level two error risk, the above possibilities
are reasonable explanations.

The results from the intertheater airlift category are similar.
There is a statistically significant difference in the estimating
error between estimating at WBS level one and level two. The
mean of the distribution for the flyaway cost versus basic airframe
is -0.027 with a 95-percent confidence interval of (-0.026,
-0.028). The mean of the distribution for the flyaway cost versus
other air vehicle is -0.0732 with a 95-percent confidence interval
of (-0.0722, -0.0742). As neither confidence interval encompasses
zero, it is appropriate to say that there is a statistical difference
between the two. Like the fighter category conclusions, there is
more estimation error risk in the other air vehicle model than the

basic airframe. This indicates that program managers should
allocate more resources to the other air vehicle portion of their
estimates. Also, as with the fighter category results, it is
determined that there is more estimation error risk when
estimating at WBS level two than at WBS level one. The same
rationale explained for the fighter category is applicable to the
intertheater airlift results.

Practical Versus Statistical Significance

Despite the conclusions above regarding the statistically
significant differences between estimating at the varying WBS
levels, there is a practical application perspective to consider.
The estimation errors from the models are extremely small
considering the multimillion dollar costs of aircraft weapon
systems. Quantitatively, the dollar amount differences are shown
in Table 4.

These dollar amounts are so small that, although there is a
statistically significant difference, there is little difference from
a practical standpoint. In most cases, the error risk simply is not
large enough for program managers to be concerned when
allocating resources. As a result, it is anticipated that program
managers will allocate resources based on other considerations,
such as time constraints or desired level of visibility into the
estimate.

Future Research

There are several areas related to the methodology of this research
that can be explored in future research. First, an examination of
the nonrecurring estimating error between differing WBS levels
could be examined. This is a natural extension of the recurring
estimation error analyzed in this research. Second, a comparison
of the estimation error difference at WBS level two versus WBS
level three could be explored. Although other variations of WBS
level comparisons could be made, a level two versus level three
would be most useful to the practitioner. Third, this methodology
could be applied to different weapon systems than aircraft. These
future research areas would be a natural bridge to the limitations
described above.
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